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VARIABLE STIFFNESS OPTICAL FIBER SHAFT 
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Field of the Invention: 

This invention relates generally to interventional medical devices, and 
more particularly concerns an optical fiber composite shaft having variable stiffness 
for enhanced performance of the composite shaft when used with or without a guide 
catheter, or as a stand-alone flow directed device for use in the vascular system as part 
of an imaging system, a therapeutic system, or for delivery of medical devices. 



Description of Related Art: 

Conventional minimally invasive catheter based therapies typically require 
guide wires that are one to two meters long extending through a longitudinal lumen 
in the catheter, and that are torqueable and pushable at the proximal end, yet soft and 
flexible at the distal end. Many such guidewires are made of stainless steel or the like, 
and are ground to tapers which provide the desired bending properties along the 
guidewire. Recently, numerous minimally invasive sensing and actuation procedures 
have been developed which benefit from the unique qualities of an optical fiber to 
deliver optical light or power to the distal tip of the optical fiber. For example, optical 
fiber based technology can be used for imaging, treatments such as "thrombolyzing" 
blood or cutting tissue by use of high energy light delivered through the end of the 
optical fibers/and for the delivery of therapeutic agents, such as timed release agents 
or embolics. However, conventional optical fiber technology has not been easily 
adaptable to such applications, particularly when the optical fiber must also act as a 
guidewire, either within a catheter or as a stand-alone device, since optical fibers, 



when used alone, are not very torqueable, pushable or resilient when compared to 
guide wires made from a variety of other, more rigid, materials. Also, small diameter 
optical fibers are quite "floppy", while larger diameter fibers can be too stiff to 
maneuver through sharp bends, and the use of optical fibers as guidewires or pushers 
within catheters can thus be difficult and quite technique sensitive. 

A variable stiffness catheter having a longitudinal lumen is known that is 
composed of a relatively flexible outer coaxial tube and at least two tandemly 
disposed inner coaxial tube segments, the tube segments varying in stiffness, with the 
stiffest being located at the proximal end of the catheter and the least stiff ending 
proximal of the distal end of the catheter, thus providing the catheter with a minimum 
of two regions of different stiffness and flexibility. In order to reinforce a wide variety 
of catheters incorporating longitudinal lumens for interventional therapies, catheters 
in the prior art have used reinforcements to the exterior of the catheter, including 
additional strengthening layers and the like to alter the bending characteristics of the 
catheter. However, such a catheter structure is typically only capable of being used 
with a guidewire, and thus cannot provide the benefits of optical fiber technology 
unless the guidewire is withdrawn and exchanged for an optical fiber. Thus, there 
remains a serious limitation in the capability of flow directed optical fiber shafts and 
optical fibers used within catheters to provide the torquability, pushability and 
resistance to fracture available from metal guidewires. It would also be desirable to 
provide an optical fiber with variable stiffness to allow optical fibers to be more 
pushable at the proximal end and more trackable at the distal end, and to make the use 
of optical fibers in catheter-based therapies more straight forward and less technique 
sensitive. The present invention addresses these and numerous other needs. 

SUMMARY OF THE INVENTION 

Briefly, and in general terms, the present invention in its broadest aspect 
provides for a variable stiffness composite sensor shaft, with a variable stiffness jacket 
encapsulating the sensor shaft to make the use of such a sensor shaft in catheter based 
therapies more predictable, straight forward, and less technique sensitive. Typically, 



such a sensor shaft can be an optical fiber or the like which by itself has physical 
characteristics that are undesirable for guidewires or stand-alone flow directed 
devices. By use of the invention, a variable stiffness shaft can be made which is more 
pushable at the proximal end and more trackable at the distal end, with the capability 
to provide a wide range of predictable variations in stiffness and other structural 
parameters over the length of the shaft. It has been found that it is often the case that 
a sensor shaft such as an optical fiber or ultrasonic conductor is made of a material 
that has undesirable characteristics for guidewires, since they are generally of a less 
resilient and strong material than those typically chosen for guidewires. The 
invention overcomes these limitations by providing for means to* selectively strengthen 
the sensor shaft by low profile overlays of materials to create a composite shaft. A 
variable stiffness optical fiber shaft constructed according to the invention can be used 
in conjunction with a guide catheter or as a flow directed, stand alone catheter. 

By using the construction according to the invention, coating or heat 
shrinking A heat shrinkable material on the outside diameter of the optical fiber will 
improve tracking of the device, and heat shrinking layers of JC heat shrinkable 
material, braid or coil imbedded in a polymer layer, or other polymers in telescoping 
fashion from proximal to distal end will yield a shaft with a stiffer, more manageable, 
proximal end and a softer, more maneuverable, distal tip. 

The invention accordingly pro vides in a presently preferred embodiment 
for a variable stiffness optical fiber shaft for placement within the vascular system, 
and the invention is particularly adaptable for use within a tortuous, small diameter 
vessel such as those found in the vasculature of the brain. The variable stiffness 
optical fiber shaft comprises an optical fiber having a proximal end and a distal end, 
and at least one coaxial layer of a polymer, metal, or both for providing a desired 
additional stiffness extending over the optical fiber, to thereby provide desired 
variations in stiffiiess along the length of the shaft. In one presently preferred 
embodiment, the variable stiffness optical fiber shaft comprises a plurality of coaxial 
layers of heat shrink polymer encapsulating the optical fiber, the coaxial layers 
extending from the proximal end of the optical fiber toward the distal end, the 
plurality of coaxial layers having different lengths to provide the optical fiber shaft 



with varying stiffness over the length of the optical fiber shaft. The plurality of 
coaxial layers can be arranged in successive progressively shorter coaxial layers, and 
can be formed of heat shrink polymeric material, such as polyethylene, 
polytetrafluoroethylene (PTFE) polyethylene terephthalate (PET), polyether ethyl 
ketone (PEEK), polyphenylene sulfide (PPS), or any of a variety of other polymers 
which can be fabricated into a structure and necked or shrunk over a shaft. A layer of 
braid or coil may also be embedded in the polymer to increase the stiffness of the 
composite shaft in certain areas. 

While the invention can effectively use tubes which are placed over the 
exterior of the optical fiber shaft and then heat shrunk or bonded by adhesive to the 
fiber, it is also contemplated that the shaft can be reinforced by other longitudinally 
extending additional structures with, varying cross sections for certain specific 
applications. 

In a presently preferred embodiment, the variable stiffness optical fiber 
shaft comprises a first coaxial layer of a heat shrink polymer extending essentially the 
entire length of the optical fiber, from the proximal end to the distal end; a second 
layer of a coaxial layer of a heat shrink polymer, of the same or different material as 
the first coaxial layer, extending over the first coaxial layer from the proximal end of 
the optical fiber to a distal position spaced proximally from the distal end of the 
optical fiber; and a third coaxial layer of a heat shrink polymer, of the same or 
different material as the first and second coaxial layers, extending over the second 
coaxial layer from the proximal end of the optical fiber to a distal position spaced 
proximally from the distal position of the second coaxial layer. 

The successive coaxial layers of heat shrink tubing are placed on the fiber 
extending from the proximal end and ending at different distances from the distal tip 
of the fiber. Heat can be applied to the successively applied coaxial layers of tubing, 
resulting in shrinkage of the tubing to encapsulate the fiber, creating a tapered shaft 
having a variable diameter without edges in the outer surface of the shaft. The tapered 
structure formed by the successive layers of tubing allows the proximal part of the 
composite shaft to be relatively stiff, and the distal tip to be flexible and soft. A 
variety of other techniques can be used within the scope of the invention to 
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accomplish the variable stiffness of the optical fiber shaft. Such techniques include, 
but are not limited to, the use of a tapered extrusion for the jacket, butt or overlap 
welding of segments of material with a different stiffness from one another to form 
the jacket, and use of an adhesively bonded hypo tube of stainless steel or the like as 
5 a jacket, possibly with a ground taper to the hypo tube, and braid or coil reinforcing 
embedded in a polymeric layer. 

In another aspect of the invention, the variable stiffness optical fiber shaft 
further comprises a coaxial strain relief member disposed over the outer coaxial 
polymer layers at the proximal end of the variable stiffness optical fiber shaft at the 

10 proximal end of the optical fiber. The strain relief member is preferably formed of a 
material and constructed so that the transition in stiffness from the proximal hub to the 
composite shaft is not abrupt, and can be made of a heat shrink or low durometer 
elastomeric nylon or Hytrel polymer, such as 25-40 D, for example. The strain relief 
member is assembled onto the composite shaft by injecting or swabbing an adhesive, 

15 such as a UV curable or cyanoacrylate adhesive, over the proximal end of the 
composite shaft, and by sliding the strain relief member over the proximal end of the 
optical fiber and coaxial polymeric layers. The outer surface of the polymeric coaxial 
layers may also be surface treated with a plasma or corona etch process to facilitate 
the adhesion of the strain relief member to the composite shaft. 

20 In another aspect of the invention, the variable stiffness optical fiber shaft 

further comprises a connecting hub disposed over the strain relief member and the 
outer coaxial polymer layers at the proximal end of the variable stiffness optical fiber 
shaft at the proximal end of the optical fiber for connecting the variable stiffness 
optical fiber shaft to an optical light source. The proximal hub can be assembled onto 

25 the strain relief member and composite shaft by trimming the proximal tip as 
necessary to square the proximal end of the composite shaft, injecting or swabbing an 
adhesive, such as an epoxy, a UV curable adhesive, or a cyanoacrylate adhesive, over 
the proximal end of the strain relief member, sliding the proximal hub over the strain 
relief member, and allowing the adhesive to cure. 

30 For neurovascular use, the overall length of an optical fiber pusher can 

be, for example, from 100 to 300 cm, with the outer diameter being less than about 1 



French (0.0 135 inch). For peripheral use, the overall length of the catheter can be, for 
example, from 100 to 300 cm, with the outer diameter of the distal 25 to 45 cm being 
less than about 5 French (0.063 inch), and the outer diameter of the proximal 100 cm 
being less than about 6 French (0.075 inch). For cardiovascular use, the overall length 
of the catheter can be, for example, from 1 50 to 1 75 cm, with the outer diameter of the 
distal 25 cm being less than about 3 French (0.038 inch), and the outer diameter of the 
proximal 100 cm being less than about 4 French (0.050 inch). 

In a further presently preferred embodiment of the invention, the basic 
construction of the optical fiber can be combined with the invention to provide a 
variable stiffness optical fiber shaft. In practice, optical fibers used for micro-coil 
delivery and the like are approximately 0.003 to approximately 0.014 inches in 
diameter, with the outer buffer comprising a layer of approximately 0.0005 to 0.002 
inches in thickness of a polymer over a thin layer of cladding used to limit the 
dissipation of light out of the shaft. In one presently preferred embodiment, the outer 
buffer can be centerless ground to provide a variable thickness characteristic and the 
fiber can be manufactured with a thicker than normal buffer to facilitate grinding of 
the buffer to provide a desired bending stiffness either with or without additional 
layers of stiffening polymers over the outer surface of the fiber. 

In still another embodiment of the invention, the reinforcing layer on the 
outside of the fiber can consist of longitudinal, angled or circumferential windings of 
high strength fibers which are bonded to the shaft and can be covered by a smooth 
outer jacket of heat shrink tubing or the like. By use of such a construction, wide 
variations in stiffness and other physical parameters can be obtained, further extending 
the uses to which fiber optics or the like can be put in therapeutic minimally invasive 
procedures. 

In still another presently preferred embodiment, the sensor shaft can be 
subjected to an extrusion process in which at least one polymer is deposited on the 
exterior of the sensor shaft as it is pulled through extrusion dies. For example, an 
optical fiber can be drawn through a plurality of such dies, each of them depositing 
a material of a different hardness on the exterior, with the thickness of the deposit 
being varied by the speed of the fiber through the die and the temperature of the 
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material being deposited. In this way, tapers to multiple layers can be applied and the 
overall outside diameter controlled to a desired level. The process can be contained 
to produce multiple composite shafts in a controlled process, with the shaft cut at 
desired places to produce individual shafts. 
5 In yet another presently preferred embodiment, the invention provides for 

a variable stiffness optical fiber shaft for use in interventional therapy, comprising an 
optical fiber having a proximal end and a distal end; a reinforcing tube attached to the 
optical fiber, the optical fiber extending therethrough; and a reinforcing braid attached 
over the optical fiber and preferably over a middle to distal portion of the reinforcing 

10 tube. A radiopaque marker can also be attached to the optical -fiber; and at least one 
layer of heat shrink material is attached over the reinforcing tube, the reinforcing 
braid, the radiopaque marker, and the optical fiber. A shape memory collar is also 
preferably attached over the distal end of the optical fiber; and a distal protective 
sheath is attached to the heat shrink material over the distal end of the optical fiber and 

1 5 over a portion of the shape memory collar. In one presently preferred aspect, the 
optical fiber is covered with an outer buffer, with the outer buffer being removed from 
a distal portion of the optical fiber. A connecting hub is preferably also attached over 
a proximal portion of the optical fiber, such as by adhesive, and a strain relief member 
is also preferably attached over the proximal portion of the optical fiber. In another 

20 presently preferred aspect, the reinforcing tube is attached to the optical fiber by 
adhesive, and has at least one taper ground onto the tube along its length. The 
reinforcing tube preferably comprises a metal hypo tube that is mechanically locked, 
bonded, or otherwise fixed, to the optical fiber over at least a portion of its length, and 
is tapered over at least a portion of its length. In other presently preferred aspects of 

25 the invention, the reinforcing braid is formed of stainless steel, the radiopaque marker 
is attached to the distal portion of the optical fiber, and the radiopaque marker 
comprises a platinum wire coil. The reinforcing braid may also be formed of a nickel 
titanium alloy, such as NTTINOL, for example. The shape memory collar is also 
preferably attached over the distal end of the optical fiber by adhesive. In another 

30 presently preferred aspect of the invention, the distal sheath is formed of polyethylene, 
and the distal sheath is attached to the at least one layer of heat shrink material over 
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the distal end of the optical fiber and over a portion of the shape memory collar by 
adhesive. 

In another presently preferred embodiment, the invention provides for a 
corresponding method of constructing the variable stiffiiess optical fiber shaft 
comprising the steps of providing an optical fiber, the optical fiber having a proximal 
end and a distal end; attaching the reinforcing tube to an optical fiber extending 
therethrough; applying a reinforcing braid over the optical fiber and over a distal 
portion of the reinforcing tube; attaching a radiopaque marker; shrinking at least one 
layer of heat shrink material over the reinforcing tube, the reinforcing braid, the 
radiopaque marker, and the optical fiber; attaching a shape memory collar over the 
distal end of the optical fiber; and attaching a sheath to the at least one layer of heat 
shrink material over the distal end of the optical fiber and over a portion of the shape 
memory collar. A reinforcing coil over the optical fiber, and in a presently preferred 
embodiment, the reinforcing coil is applied over a distal portion of the optical fiber 
and under a distal portion of the reinforcing tube. 

Those skilled in the art will also recognize that, while the invention has 
been described in the context of optical fibers, other, equally non-structural fibers used 
for therapeutic or measurement purposes may also benefit from the invention. 

These and other aspects and advantages of the invention will become 
apparent from the following detailed description and the accompanying drawings, 
which illustrate by way of example the features of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a perspective of a composite shaft of the present invention 
prior to heat setting. 

Figure 2 is a perspective view of a shaft constructed according to the 
invention after heat setting of the outer sheaths. 

Figure 3 is a cross section of the shaft of Figure 2 illustrating a truncated 
view of the arrangement of the sheaths on the shaft. 

Figure 4 is an illustration of an alternative embodiment of the invention 



in which the outer sheath extends over the length of the shaft and terminates in a 
collar-retainer for a micro-coil. 

Figure 5 is the shaft of Figure 4 at section 5. 

Figure 6 is the shaft of Figure 4 at section 6. 

Figure 7 is the shaft of Figure 4 at section 7. 

Figure 8 is a perspective view of the unassembled shaft of Figure 4 prior 
to heat setting. 

Figure 9 is a perspective of the shaft of Figure 8 after heat setting. 

Figure 10 is a cross-section of the shaft of Figure 4. 

Figure 1 1 is a perspective of an alternative embodiment in which the outer 
cover is tapered by grinding or extrusion to provide a one-piece tapered sheath for the 
shaft. 

Figure 12 is a cross-section of the shaft of Figure 11. 
Figure 13 is a section at 13-13 of Figure 12. 
Figure 14 is a section at 14-14 of Figure 12. 
Figure 15 is a section at 15-15 of Figure 12. 

Figure 1 6 A is a schematic view of a process for making a composite shaft 
of the invention. 

Figure 16B is an illustration of the composite shaft at various stages of 

fabrication. 

Figure 17 is a cross-section of the composite shaft of the invention at 17 
of Figure 16A. 

Figure 1 8 is a cross-section of an embodiment of a composite shaft of the 
invention with a tapered outer sheath. 

Figure 19 is a perspective of a further embodiment which includes the 
arrangement of reinforcing fibers along and about the optical fiber to provide 
variations in stiffness. 

Figure 20 is a cross-section of the embodiment of Figure 19. 

Figure 21 is a perspective of a further embodiment showing linearly 
arranged elements of structural fibers along and about the optical fiber to provide 
variations in stiffness. 
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Figure 22 is cross-sectional view of a further alternate embodiment of a 
composite shaft illustrating a reinforcing braid, shape memory collar and protective 
sheath. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Modern interventional medical procedures have relied on ever smaller and more 
flexible devices to reach areas requiring treatment which were previously inaccessible 
to conventional devices. Among such procedures are the placement of vasoocclusive 
devices in tiny areas of damaged vasculature such as aneurysms or ruptures in arteries 
in the brain. Some devices to treat such areas use optical fibers to carry light energy 
to remote locations at the distal end of the optical fiber. There has been increased uses 
for such techniques, but certain limits have been found in the use of currently 
available optical fibers for those purposes. 

For example, conventional optical fiber technology has not been easily 
adaptable to catheter based imaging, treatments such as "thrombolyzing" blood or 
cutting tissue, or to the delivery of therapeutic agents, such as timed release agents, 
or embolics, since optical fibers, when used as a stand alone structural device, are not 
very torqueable, pushable or resilient. Small diameter optical fibers of the type most 
useful for such therapies frequently can become too floppy, while larger diameter 
fibers can be too stiff to maneuver through sharp bends, and for these reasons, the use 
of optical fibers as stand alone guidewires or catheters can be difficult and technique 
sensitive. Also, since there are practical limits to the diameter of the fiber for specific 
applications, the use of reinforced guide catheters with longitudinal lumens through 
which the optical fiber passes can place important restrictions on how small such an 
assembly can be. Further, if the optical fiber is to be used with both a guidewire and 
a guiding catheter, there are limits imposed on the techniques that can be employed 
because of the necessarily larger diameter of such an assembly to accommodate the 
requirements of the two different shafts within the catheter. 

As is illustrated in the drawings, which are provided for the purposes of 
illustration and not by way of limitation, one preferred embodiment of the invention 
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illustrated in Figures 1 - 3 is embodied in a variable stiffness optical fiber shaft 1 0 that 
comprises an optical fiber 12 having a proximal end 14 and a distal end 16, the optical 
fiber, which may optionally comprise several optical fibers bundled together, and at 
least one outer polymer layer, the unit generally referred to as an optical fiber, which 
5 is sheathed in a first coaxial layer of a heat shrink polymer 18, such as polyethylene, 
PTFE, PEEK, PET or PPS, for example, although other similar heat shrink polymers 
may also be suitable. The first coaxial heat shrink layer preferably extends the entire 
length of the optical fiber, from the proximal end to the distal end. 

In the embodiment illustrated in Figures 1 - 3, a second layer 20 of a 

10 coaxial layer of a heat shrink polymer can also be provided, that can be made of the 
same or different material as the first coaxial layer, preferably extending over the first 
coaxial layer from the proximal end of the optical fiber to a distal position 22 spaced 
proximally from the distal end of the optical fiber. A third layer 24 of a coaxial layer 
of a heat shrink polymer, which can be made of the same or different material as the 

1 5 first and second coaxial layers, preferably extends over the second coaxial layer from 
the proximal end of the optical fiber to a distal position 25 spaced proximally from the 
distal position 22 of the second coaxial layer. For example, in a variable stiffness 
optical fiber shaft about 175 cm in. length, the second coaxial layer would typically 
extend 170 cm from the proximal end of the optical fiber, and the third coaxial layer 

20 would typically extend about 100 cm from the proximal end of the optical fiber . 

Additional coaxial layers of heat shrink polymer can also be placed around 
the coaxial layers of heat shrink polymer, preferably at the proximal end of the optical 
fiber and in the same generally progressive telescoping fashion as the first, second 
and third coaxial layers, although it may also be suitable to place one or more coaxial 

25 layers of heat shrink polymer over other sections of the variable stiffness optical fiber 
shaft to provide variations in stiffness along the length of the shaft as may be 
appropriate for specific applications. As illustrated in Figures 1-3, the process of 
forming the invention according to this embodiment involves progressively 
surrounding the central optical fiber 12 with shrink wrap tubing which extends over 

30 selected regions of the optical fiber in thicknesses and lengths related to the areas to 
be stiffened. The assembly is then exposed to heat so that the outer layers shrink 
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down around the optical fiber to thereby form a stiffened shaft assembly. 

A connecting hub, such as a bayonet style connector or ANSI threading, 
for connecting the variable stiffness optical fiber shaft to an optical light source (not 
shown) can be disposed over the outer coaxial polymer layer at the proximal end of 
the variable stiffness optical fiber shaft. Similarly, a coaxial strain relief member can 
also be disposed about the proximal end of the shaft, adjacent to and distal to the 
connecting hub. 

For neurovascular use, the overall length of the catheter can be, for 
example, from 1 00 to 300 cm, with the outer diameter being less than about 1 French 
(0.0135 inch). For peripheral use, the overall length of the catheter can be, for 
example, from 100 to 300 cm, with the outer diameter of the distal 25 cm being less 
than about 5 French (0.063 inch), and the outer diameter of the proximal 1 00 cm being 
less than about 6 French (0.075 inch). For cardiovascular use, the overall length of 
the catheter can be, for example, from 90 to 175 cm, with the outer diameter of the 
distal 25 to 45 cm being less than about 3 French (0.038 inch), and the outer diameter 
of the proximal 50 to 100 cm being less than about 4 French (0.050 inch). These 
dimensions are approximate, and in practical terms, depend upon sizes of shrink 
tubing that are commercially available. 

In one example of the method of manufacturing the variable stiffness 
optical fiber shaft of the invention, the shaft can be assembled by sliding and centering 
a heat shrink tube first coaxial layer, such as polyethylene, for example, which can be, 
for example, 200 cm in length, over a optical fiber , which can be, for example, 205 
cm long. The ends of the optical fiber are then clamped, and tension is applied to 
keep the optical fiber taut. The proximal end of the heat shrink tube is placed into the 
working area of a heat gun, although other means of cpntrollably heating the heat 
shrink polymeric sheath may be used. The temperature of the heat shrink tube is 
heated to approximately 650 F, and the rest of the heat shrink tube is heated by sliding 
the heat gun along the axis of the heat shrink tube at about three inches per second, for 
example, until the heat gun has traveled the length of the polymeric material and the 
heat shrink material has encapsulated the optical fiber . This method is repeated for 
150 cm and 100 cm lengths of polymeric tubing, and any further heat shrink tubing 
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to be used for varying the stiffness of the optical fiber shaft, until the outside diameter 
of the shaft is built up to the desired dimensions to yield the desired degrees of 
stiffness. 

The strain relief member is formed of a material and constructed so that 
the transition in stiffness from the proximal hub to the composite shaft is not abrupt. 
In one embodiment, the strain relief member is preferably made of a low durometer 
Nylon or Hytrel polymer, such as 25-40 D, for example. The strain relief member is 
assembled onto the composite shaft by injecting or swabbing an adhesive, such as a 
UV curable or cyanoacrylate adhesive, over the proximal end of the composite shaft, 
and by sliding the strain relief member over the proximal end of the composite shaft 
and the polyethylene or other type of heat shrink or metal tubing. The polyethylene 
composite may also be surface treated with a plasma or corona etch process to 
facilitate the adhesion of the strain relief member to the composite shaft. 

The proximal hub can be assembled onto the strain relief member and 
composite shaft by trimming the proximal tip as necessary, to square the proximal end 
of the composite shaft, injecting or swabbing an adhesive, such as an epoxy, a UV 
curable or cyanoacrylate adhesive, over the proximal end of the strain relief member, 
sliding the proximal hub over the strain relief member, and allowing the adhesive to 
cure. It should be readily apparent that other proximal hub and strain relief member 
designs can also be attached to the proximal end of the composite shaft. 

Figure 4 is a cross-section of a second presently preferred embodiment of 
the invention. In this embodiment, optical fiber 12 has shrink tube layers 18 and 20 
disposed at variable distances along the length of the optical fiber from the distal end 
16 with the distances at which the layers 18 and 20 terminating distances 20 and 25 
being a variable available to the designer to alter the stiffness profile of the optical 
fiber over its length. The thickness and durometer hardness of the materials, as well 
as the choice of materials themselves are also available to configure a composite shaft 
according to the invention which has desired bending stiffness over its length. In this 
embodiment an outer cover 24 which also may be shrink tubing is laid over the length 
of the optical fiber from the distal end 16 to the proximal end 14 in order to provide 
a smooth overall outer sheath and thereby offer the minimum resistance to movement 
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of the optical fiber within a catheter lumen or blood vessel. In such an embodiment 
the outer layer 24 may be polyethylene, PTFE or other suitable low friction material, 
consistent with providing the overall bending characteristics desired. Figure 5 is a 
cross-section of the shaft according to this embodiment in which the optical fiber 26 
is surrounded by a cladding 28 in an outer buffer layer 30 which is then surrounded 
by the outer sheath 24. 

Figure 6 is a cross-section view at 6-6 of Figure 4 illustrating the 
construction of Figure 5 further surrounded by an additional stiffening sheath 1 8 now 
within the outer sheath 24. Figure 7 is a section at 7-7 of Figure 4 further illustrating 
an additional stiffening layer 20 within the construction and overlaying layer 18 and 
within layer 24. While this embodiment has been illustrated in the form of heat shrink 
tubing, those skilled in the art can recognize that one or more of the layers may also 
be adhesively bonded either between layers or to the outer layers in order to provide 
additional desirable characteristics related to shaft stiffness and pushability. In 
Figures 5-7, the optical fiber 12 is shown in cross section to include optical fiber core 
26, cladding 28, and the outer buffer 30. 

Figure 8 is a perspective view of the unassembled construction illustrated 
in Figure 4. More specifically, outer layer 24 is illustrated as extending over a first 
inner layer 18 and a second inner layer 20, all of the tubes of this construction 
overlaying optical fiber 12. When heat and/or tension is applied the structure resulting 
is as illustrated in Figure 9 which is a cut-away perspective of the assembled structure 
of Figure 4 illustrating the optical fiber 12 closely covered by the outer sheaths 24 and 
inner sheaths 18, 20, to provide the variable stiffness shaft of the invention. Figure 
10 is a cross-sectional view of the construction resulting from the process and is 
illustrated in Figure 9 showing the necking of the outer sheaths upon the ending of the 
inner sheath at a distance from 100 - 150 centimeters from the proximal end of the 
optical fiber element. The invention can also be embodied in a variety of structures 
which provide variable stiffness over the outer portion of an optical fiber element or 
the like. Figure 1 1 illustrates such an embodiment in which the optical fiber 12 is 
surrounded by a tube 32 which may be tapered along its length, either in steps or 
continuously in order to provide a desired stiffness and pushability. Although a 
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variety of methods can be used for such a construction, those known in which are 
believed to be desirable for various embodiments include centerless grinding of a 
buffer layer on the outside of the optical fiber, the buffer layer being chosen for its 
ability to enhance stiffness in variable thicknesses, a tapered hypo tube which is 
5 overlaid on the optical fiber and possibly adhesively bonded thereto with the thickness 
of the hypo tube being varied over its length, and the inclusion of a wire mesh or 
composite material braid underneath an outer layer shrunken on the shaft where it also 
can be adhesively bonded to the shaft to provide a further method of increasing 
torqueability and stiffness to the shaft. Those skilled in the art will also recognize that 
y 10 combinations of the above referenced elements may be used in order to provide a 
§6 structure with specific and desired combinations of stiffness, torqueability, and 

\r\ pushability over the length of the shaft. Figures 13 through 15 illustrate at sections 

Jf, 13-13, 14-14and 15-15 ofFigures 12 the change in diameter of the outer tapered layer 

M- in the construction described in perspective in Figure 1 1 and discussed above. 

Q 15 Those skilled in the art will recognize that a variety of polymers, including 

%\ those filled with reinforcing fibers or other material may. be used to reinforce an 

W optical fiber so that it can be more effectively used as a pusher within a catheter lumen 

M= or as a free therapeutic member. For example, the characteristics of the materials to 

be used may be optimized by use of joining adjacent covers of different materials 
20 against one another longitudinally in end to end fashion or overlap to thus provide a 
constant outer diameter. In such a construction, the outer sheath is formed of joined 
(by heat and/or pressure) or adhering bonded sections surrounding specific portions 
of the optical fiber. Similarly, such a construction can be combined with an outer 
cover to provide a smooth overall exterior to the finished composite shaft. 
25 In another presently preferred embodiment and process of manufacture 

illustrated in Figures 16 - 18, the optical fiber 12 is drawn through extrusion dies 34 
and 36 each of which deposits a plastic material from supply sources 38 and 40 in a 
controlled manner on the exterior of the fiber. The thickness of the deposit can be 
controlled by the die configuration, the temperature of the material to be deposited and 
30 the speed of the fiber through the dies, or a combination of those parameters. In 
practice, this construction allows for control of both the outer diameter of the finished 
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shaft and wide variations in the stiffness of the shaft over its length, depending on the 
material being deposited and the relative thickness of the softer and harder layers. 
Figure 16B illustrates a cross section of a composite shaft according to this 
embodiment, showing the increased tapering of softer and harder portions of the 
deposited jacket to provide a desired composite shaft during the course of 
manufacture. 

In the process of Figure 16, an optical fiber 12 is passed at a controlled 
speed by a feeding mechanism (not shown) through a first die 34 receiving a polymer 
material from a supply 38 to be deposited on the shaft at a rate controlled by the speed 
of the shaft through the die. The size of the die and the temperature and composition 
of the polymer and the speed can be varied to deposit a thicker or thinner layer and to 
taper the deposit as shown at 44. If desired, quenching jets 42 can be used to cool the 
polymer after deposit. One or more additional dies 36 can apply a second polymer 
from supply 40 to create an additional layer of polymer of a different characteristic 
from the first as illustrated in Figure 16B. 

Using these techniques, a variety of constructions can be created to the 
composite shaft. Figure 17 illustrates a composite shaft in which two different 
polymers 46, 48 are deposited at complimentary rates in successive dies to provide a 
double tapered cover of consistent outside diameter 50. As an alternative, a single 
polymer can be deposited in a tapered layer 52 over a shaft to create a tapered 
composite shaft over the optical fiber 12. Those skilled in the art will recognize that 
a variety of the above described embodiments can be combined to provide a wide 
range of desired characteristics to the finished composite shaft. 

A further presently preferred embodiment is illustrated in Figures 19, 20 
and 21, in which overlays 56, 58 of the optical fiber 12 with a layer of woven 60 
and/or linearly arranged elements of structural fibers 62 within a matrix are used to 
create the composite shaft 64. The matrix can be chosen from any of a variety of 
materials including silicone and the like in order to provide the benefits of the 
materials without necessarily subjecting the assembly to the undesirable characteristics 
associated with solid matrices based upon epoxy and polymers. As is illustrated in 
Figures 1 9, 20 and 2 1 , a reinforcing coil 66, such as a round or flat wire coil, may also 
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be applied over a portion of the optical fiber, to stiffen the optical. The entire 
assembly can then be enclosed within an outer sheath providing a smooth, low friction 
cover for the reinforced fiber. Those skilled in the art will recognize that the 
orientation and composition of the reinforcing strands along and about the shaft can 
be altered over a wide range to provide any number of desirable characteristics related 
to pushability, flexibility and stiffness. 

In another presently preferred alternate embodiment illustrated in Figure 
22, the invention provides for a variable stiffness optical fiber shaft 110 that comprises 
an optical fiber 112 having a proximal end 1 1 4 with a fiber optic ferrule 115 attached 
over the optical fiber, and a distal end 1 16. The optical fiber is preferably of the type 
that is covered with an outer buffer layer, with the outer buffer layer being removed 
from a distal portion 1 1 9 of the optical fiber, leaving an exposed portion of the optical 
fiber for improved transmission of light and heat energy to the distal end of the optical 
fiber shaft. The optical fiber typically includes an optical fiber core and cladding, but 
may optionally comprise several optical fibers, and at least one outer polymer layer. 
The unit generally is referred to as an optical fiber, which is covered in a sheath 118 
of at least one outer layer of a heat shrinkable polymer, such as polyethylene, PTFE, 
PEEK, PET or PPS, for example, although other similar heat shrinkable polymers or 
metallic material may also be suitable. A connecting hub 117 with a bayonet style 
connector or ANSI threading for connecting the variable stiffness optical fiber shaft 
to an optical light source (not shown) can be disposed over the outer coaxial polymer 
layer at a proximal portion of the variable stiffness optical fiber shaft, such as by 
adhesive, and for example by cyanoacrylate adhesive. Similarly, a coaxial strain relief 
member 120 can also be attached over the proximal portion of the optical fiber shaft, 
adjacent to and distal to the connecting hub. a hub attached over a proximal portion 
of the optical fiber 

A reinforcing tube 132 is also preferably attached to the optical fiber, to 
provide stiffness and pushability to the proximal portion of the optical fiber shaft, with 
the optical fiber extending through the reinforcing tube, such as a metal hypo tube, 
which can for example be formed of stainless steel or a nickel titanium alloy such as 
NITINOL, for example, and which may be tapered along its length, either in steps or 
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continuously in order to provide a desired stiffiiess and pushability. The reinforcing 
tube preferably has at least one taper 134 ground onto the reinforcing tube along its 
length to provide a desired taper. Although a variety of methods can be used for such 
a construction, those known in which are believed to be desirable for various 
embodiments include grinding of a ground portion 134 of the reinforcing tube over 
at least a portion of its length, which is overlaid on the optical fiber and possibly 
adhesively bonded to the optical fiber over at least a portion of its length, such as by 
cyanoacrylate adhesive, with the thickness of the reinforcing tube being varied over 
its length. 

In another preferred aspect, a reinforcing metal wire mesh braid 136 such 
as stainless steel, for example, is also attached over a distal portion of the optical fiber, 
preferably adhesively or mechanically bonded to the optical fiber shaft, and attached 
over the distal portion of the reinforcing tube, such as by solder, for example, 
extending underneath an outer layer of heat shrink polymeric material shrunken onto 
the shaft, to provide torqueability and stiffiiess to the shaft. The reinforcing braid can 
alternatively be formed of a reinforcing composite material braid. In another presently 
preferred aspect, a radiopaque marker 1 3 8, such as a platinum wire coil, for example, 
is attached to the optical fiber, such as at the distal portion of the optical fiber. Other 
radiopaque materials such as gold or tungsten coils, or the like, may also be suitable. 
At least one layer of the sheath 1 18 is preferably attached over the reinforcing tube, 
the reinforcing braid, the radiopaque marker, and the optical fiber. In addition, the 
sheath 118 preferably includes an enlarged distal protective sheath portion 140, that 
extends over a distal shape memory collar 142 formed of shape memory material 
attached over the distal end of the optical fiber, to thereby restrict the outside diameter 
of the shape memory material as it retracts. Without such a distal protective sheath 
portion, the collar of shape memory material, typically having an initial outer diameter 
of about 0.010 inch, can expand radially when it retracts axially as heat is applied to 
the shape memory collar to present an outer diameter of 0.01 6 inch, for example. The 
inner diameter of the microcatheter through which the optical fiber shaft is delivered 
is typically only 0.014 inch, so that such a retracted, radially expanded shape memory 
collar can prevent withdrawal of the optical fiber shaft through the delivery 
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microcatheter. With the distal sheath portion extending over the shape memory collar, 
the radial expansion of the shape memory collar can be controlled and limited to an 
outer diameter of 0.013 inch, which will pass through a microcatheter inner diameter 
of 0.014 inch. The distal protective sheath also serves to minimize cooling effects on 
the shape memory collar of blood flow during heating of the shape memory collar, 
while constraining the outside diameter of the recovering shape memory collar during 
heating, and physically protects the distal tip of the optical fiber shaft. The distal 
sheath can optionally be tubular, and can be made of any suitable polymeric or 
metallic material. 

The shape memory collar is preferably useful for retaining a distal 
therapeutic device, such as an embolic coil or stent, for example. The shape memory 
collar is preferably formed of a shape memory material having a glass transition 
temperature (Tg) above body temperature, such as polyurethane, heat shrink tubing 
such as polyethylene terephthalate (PET) or high density polyethylene (HDPE), or a 
shape memory metal such as nickel titanium alloy, such as that available under the 
trade name NITINOL, for example, that can be heat treated to have shape memory 
behavior. Utilizing such materials, the shape memory material has a desired stressed 
configuration at a temperature appropriate for introduction into the body via a 
catheter, and after placement, will take on a more relaxed, unstressed original shape 
for releasing the endoluminal therapeutic device. The shape memory collar can be 
attached to the distal end of the optical fiber by an adhesive, such as cyanoacrylate 
adhesive, for example. 

The variable stiffness optical fiber can be used as a release device for 
deploying embolic coils at a therapeutic use site. It is also possible to interleave other 
cylindrical parts between the layers of heat shrink tubing, such as a cylindrical wire 
mesh braid beneath a layer of shrink wrap to increase torquability and stiffness. With 
the addition of a polymeric or metallic braid or coil, the device will be much more 
torqueable and pushable. Non-medical applications for such a construction may 
include assembly or read-write heads for disk drives and other micro assembly 
applications. 

It will be apparent from the foregoing that while particular forms of the 
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invention have been illustrated and described, various modifications can be made 
without departing from the spirit and scope of the invention. For example, some of 
the various techniques of the invention can be advantageously combined for certain 
applications, while others are effectively met by only one aspect of the embodiments 
discussed. Accordingly, it is not intended that the invention be limited, except as by 
the appended claims. 



